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Abstract 
Aluminum multi-port microchannels are currently utilized in automotive air conditioners for refrigerant 
condensation.  In general, research activities are directed towards developing other air conditioning and refrigeration 
systems with microchannel condensers and evaporators by analyzing heat exchanger performance parameters of heat 
transfer, pressure drop, and void fraction. 
The purpose of this particular study is the experimental investigation of frictional pressure drop and void 
fraction in microchannels.  Experiments are performed using 6-port and 14-port microchannels with hydraulic 
diameters of 1.54 mm and 1.02 mm, respectively.  Fluids and saturation temperatures used in this experimentation 
include carbon dioxide at 15ºC, ammonia at 35ºC, and R245fa at 40ºC.  Two-phase flow conditions include mass 
fluxes from 50 to 440 kg/s.m2 and qualities varying from 0 to 1. 
Experiments indicate that two-phase pressure drop and void fraction are dependent upon hydraulic 
diameter, mass flux, quality, and vapor density.  Two-phase pressure drop is most significantly influenced by inertial 
force of the flow.  Void fraction is strongly influenced by flow regime, which can be related to the vapor density of 
the refrigerant.  In general, models exist to predict the experimental two-phase flow pressure drop and void fraction 
satisfactorily for specific conditions, but no comprehensive model has been formulated that encompasses the 
physical properties defining two-phase flow. 
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Chapter 1. Introduction 
Use of extruded aluminum, multi-port microchannels has become increasingly popular due to the increased 
heat transfer and performance they offer.  As industries attempt to reduce size and increase efficiency of heat 
exchangers, microchannels are becoming a common solution in automotive condensers and radiators as well as 
household refrigerators and air conditioning.  Figure 1.1 shows a schematic of a heat exchanger that uses 
microchannel tubes.  Although heat exchangers are comprised of several components, this study will focus solely on 
the microchannels. 
 
Figure 1.1: Schematic drawing of a microchannel heat exchanger. 
Aluminum microchannels are flat, multi-port tubes with hydraulic diameters typically ranging from 0.5 mm 
to 2 mm.  Although called microchannels, implying diameters on order of 1 mm, microchannel port diameters are 
actually much larger, making the name somewhat misleading.  Despite the misnomer, the term microchannel will be 
used as in this particular application micro refers to the small size of the channels when compared with conventional 
refrigeration tubing. 
In general, heat transfer, pressure drop, and void fraction are three critical elements of heat exchanger 
design.  Overall, heat transfer coefficients are predominantly influenced by heat exchanger material, size and 
geometry of the heat transfer surface area, properties of the working fluids, and flow rates.  Higher heat transfer 
coefficients require less tubing to achieve a specific rate of heat transfer, meaning the heat exchanger is lower in cost 
since less material is used.  Pressure drop is also determined by size and geometry of the tube, the mass flow rate, 
and properties of the fluids, specifically the densities of the liquid and vapor phases.  It is desirable to minimize 
pressure drop because it is directly related to required pumping power and therefore energy costs.  Void fraction, or 
area-average gas fraction, is defined as the ratio of the area occupied by the vapor to the cross-sectional area of the 
tube and is affected by flow rate and properties, most notably densities, of the two-phase fluid.  Measuring void 
fraction allows the determination of the charge, or mass of refrigerant, in the heat exchanger. 
Microchannels are advantageous because they allow the reduction of air-side pressure drop, improve heat 
transfer, and reduce the refrigerant charge.  However, they have the consequence of increasing the pressure drop on 
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the refrigerant side of the heat exchanger.  The flat shape of the microchannel reduces the power necessary to move 
the air through the heat exchanger relative to conventional round-tube heat exchangers, decreasing air-side pressure 
drop.  Decreasing the hydraulic diameter of the microchannel tube and increasing the number of ports increases the 
local heat transfer coefficients and thus decreases the size of the heat exchanger, reducing material cost and 
refrigerant charge.  Importance of the reduction in refrigerant charge is two-fold because it reduces cost and 
decreases the environmental impact caused by the refrigerant.  A disadvantage of decreasing hydraulic diameter is 
that the pressure drop of the fluid inside the heat exchanger increases, necessitating greater pumping power and 
increasing pumping cost. 
The purpose of this study is to experimentally investigate the pressure drop and void fraction in aluminum 
microchannels using a wide range of fluid densities.  Figure 1.2 shows vapor density plotted against liquid density 
for carbon dioxide, ammonia, and R245fa, the refrigerants investigated in this study, as well as R134a, R410A, and 
air-water mixture, which were studied previously.  Table 1.1 provides further detail by presenting numerical values 
of physical properties for the fluids examined.  All refrigerants were studied adiabatically in 6-port and 14-port, 
rectangular microchannel tubes with hydraulic diameters of 1.54 mm and 1.02 mm, respectively.  Flow conditions 
tested include changing the mass flux incrementally from 50 kg/s.m2 to 440 kg/s.m2 and varying quality from 0 to 1. 
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Figure 1.2:  Vapor density plotted against liquid density for a wide range of fluids, including refrigerants used in 
this study and others investigated previously. 
The refrigerants in this study were chosen because they represent extremes of liquid and vapor densities 
that are commonly found in refrigeration systems.  After completing the investigation of these refrigerants, it is 
hoped that all common refrigerants falling within this density range will be able to be defined. 
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Additionally, this investigation is intended to yield two valuable results.  First, the information will allow 
the determination of microchannel tube refrigerant charge and pumping requirements.  Second, collecting void 
fraction and pressure drop simultaneously is empirically equivalent to solving the mass continuity and momentum 
equations for the flow.  Solving these equations will allow the determination of flow conditions within the 
microchannel tube and will allow models to be applied to determine heat transfer coefficients.  While a myriad of 
correlations are already available, these formulas generally apply only to the specific conditions under which they 
were developed.  The results of this study are valuable because they will potentially help achieve a fundamental 
understanding of pressure drop and void fraction that will contribute to the future development of a generalized 
physical model of these phenomenon. 
Table 1.1: Physical Properties of the fluids studied. 
Fluid R744 CO2 
R717 
Ammonia 
R245fa 
HFC-245fa 
R410A 
HFC-32/HFC-125 
R134a 
HFC-134a 
Air-
Water 
Molecular Formula CO2 NH3 CF3CH2CHF2 CH2F2/CHF2CF3 CH2FCF3 - 
Molecular Weight 44.01 17.03 134.05 72.58 102.03 - 
Critical Pressure [kPa] 7377 11333 3640 4925 4059 - 
Critical Temperature [ºC] 30.98 132.3 427.2 72.13 101 - 
Saturation Temp. [ºC] 15 35 40 10 10 20 
Liquid Density† [kg/m3] 821.2 587.4 1297 1133 1261 998.2 
Vapor Density† [kg/m3]  160.7 10.46 14.08 41.94 20.24 2.02 
Liquid / Vapor Density 5.109 56.17 92.12 27.02 62.3 494.1 
Liquid Dynamic Viscosity 
[mPa.s] 
77.4 128.8 498 147.3 234.1 1002 
Vapor Dynamic Viscosity 
[mPa.s] 
16.89 10.78 9.8 12.65 11.32 18.25 
Surface Tension x 103 [N/m] 1.904 19.17 16.0 7.785 10.14 72.73 
Ozone Depletion Potential 0 0 0 0 0 - 
Global Warming Potential 1 0 950 - 1600 - 
Values extracted from “Thermodynamic and Transport Properties of Refrigerants and Refrigerant  
Mixtures”, NIST Standard Reference Database 23, Version 6.01. 
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Chapter 2. Literature Review 
This chapter will describe relevant work in pressure drop and void fraction, including correlations that will 
be used in analysis. 
2.1 Preliminaries 
A common problem that occurs when analyzing the characteristics of channels with non-circular cross-
sections is how to define their diameter.  The most commonly accepted method for defining the size of the test 
section is to use a hydraulic diameter (Dh) defined by 
P
A
D crh
4
=  (2.1) 
where Acr is the cross-sectional area of the channel and P is the wetted perimeter.  Once hydraulic diameter is 
defined it can be used in place of the diameter of a standard cylindrical pipe, simplifying a complicated geometry to 
one that is well known.  The Reynolds number (Re) is a dimensionless parameter that relates inertial effects to 
viscous effects by the formula 
m
hGD=Re  (2.2) 
in which G is the mass flux and m is the dynamic viscosity of the fluid.  Reynolds number is frequently used in fluid 
dynamics because it provides a simple comparison of different fluid flows to each other. 
For two-phase flows, quality and void fraction are two important dimensionless parameters.  Quality (x) is 
the ratio of the mass of vapor present to the total mass of the two-phase mixture at a particular location. 
lv
v
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v
mm
m
m
m
x
+
==  (2.3) 
where mv and ml are the mass of the vapor and liquid, respectively.  Void fraction (a) is the ratio of the area of vapor 
to the cross-sectional area of the tube at a particular location. 
lv
v
cr
v
AA
A
A
A
+
==a  (2.4) 
where Av and Al are the vapor area and liquid area, respectively.  Quality and void fraction represent the conditions 
of the two-phase flow at a particular cross-section of the tube at a particular time.  Accordingly, these parameters 
may change with location along the tube and with time.  For a length of tube, average quality and void fraction 
values may be determined when the flow is steady. 
2.2 Flow Regimes 
Flow regimes describe the flow configurations that occur with specified mass flux and quality for a 
refrigerant in a tube of a certain size.  Knowing the flow regime is critical because pressure drop, void fraction, and 
heat transfer correlations correspond to particular types of flow.  Coleman and Garimella (1999) describe flow 
regimes for two-phase flow with adiabatic conditions, and their work will be used to present general information on 
different flow types.  Through their work, Coleman and Garimella (1999) define four flow regimes, which can be 
also be subdivided into flow patterns as described in Table 2.1 and shown in Figure 2.1. 
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2.2.1 Stratified Flow Regime 
Stratified flow regimes are described as those in which liquid and vapor phases of a mixture are completely 
separated as shown in Figure 2.1a.  In large diameter tubes, defined as having a diameter greater than 4 mm, 
stratified flow usually occurs at low mass fluxes and the liquid flows in the bottom of the tube, much like a sewer 
pipe.  Additionally, stratified smooth and stratified wavy flow patterns are differentiated by the interface between 
the liquid and vapor phases.  Stratified smooth flow exhibits no fluctuations in the liquid-vapor interface, whereas 
the stratified wavy flow pattern is characterized by small waves in the interface that are caused by velocity 
differentials between liquid and vapor phases.  A particular characteristic of channels smaller than 2 mm is that the 
stratified flow regime is not observed as noted by Damianides and Westwater (1988), Triplett et al. (1999), and 
others. 
Table 2.1: Two-phase flow regimes and flow patterns described by Coleman and Garimella (1999). 
Flow Regime Flow Patterns 
Stratified Flow · Stratified Smooth Flow 
· Stratified Wavy Flow 
Intermittent Flow · Elongated Bubble or Plug Flow 
· Slug Flow 
Annular Flow Regime 
· Wavy Annular or Pseudo-Slug Flow 
· Annular Flow 
· Annular Mist Flow 
Dispersed Flow Regime · Bubble Flow 
· Dispersed Bubble 
 
Figure 2.1: Two-phase flow regimes and flow patterns described by Coleman and Garimella (1999) where 
direction of flow is from right to left. 
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2.2.2 Intermittent Flow Regime 
Intermittent flow regimes shown in Figure 2.1b are characterized by discontinuities in the liquid or gas flow 
and include elongated bubble (plug) and slug flow patterns.  These flows usually occur with low qualities and mass 
fluxes.  In elongated bubble flow, a continuous stream of vapor plugs flow in the liquid.  A thin film of liquid coats 
the tube wall and surrounds the vapor plug.  As quality is increased, the slug pattern is observed, recognizable by the 
front of a vapor plug breaking apart the liquid preceding it, forming small bubbles. 
2.2.3 Annular Flow Regime 
Annular flow shown in Figure 2.1c consists of a separate liquid and vapor phase, characterized by a vapor 
core flow in the middle of the tube surrounded by a layer of liquid that forms an annular ring.  This flow regime 
occurs when the vapor phase possesses enough energy to move the liquid phase up the sides of the tube, overcoming 
the force of gravity.  Three flow patterns are discernable in annular flow; wavy-annular (or pseudo-slug), annular, 
and annular mist flow patterns.  The wavy annular flow pattern is characterized by waves in the liquid-vapor 
interface while annular flow maintains a more stable interface.  Small droplets in the gas core characterize the 
annular mist flow pattern. 
2.2.4 Dispersed Flow Regime 
The dispersed flow regime shown in Figure 2.1d is characterized by small vapor bubbles dispersed in a 
turbulent liquid phase and is often found at very high mass fluxes.  The bubble flow pattern exists when the gas flow 
is laminar.  Due to the turbulent behavior of the liquid, the bubbles do not have a consistent shape and are small 
compared with the elongated bubble flow pattern of the intermittent flow regime.  When quality is increased, 
bubbles start to disperse in the liquid flow, characterizing the dispersed bubble flow pattern. 
2.3 Single Phase Pressure Drop 
Single phase pressure drop is important to understand because it is necessary in the superheated and sub-
cooled regions of a heat exchanger.  Additionally, two-phase flow multipliers are defined using single phase 
pressure drop.  Single phase pressure drop (DP) can be defined as 
rr 2
4
2
22 G
D
L
f
G
D
L
fP
hh
D ÷÷
ø
ö
çç
è
æ
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ø
ö
çç
è
æ
=D  (2.5) 
where fD is the Darcy friction factor, L is the length of the tube, and r is the density of the fluid.  Additionally, the 
Fanning friction factor, f, is sometimes used to calculate pressure drop and is related to the Darcy friction factor by 
the relation, fD = 4f.  All friction factors discussed after this point will refer to the Darcy friction factor unless 
otherwise stated.  An important observation is that the final term in Equation 2.5 is the kinetic energy (KE) per unit 
volume described as follows. 
22
22 mG
KE
r
r
º=  (2.6) 
Notice that this term is dimensionally equivalent to the more familiar expression describing kinetic energy, ½rm2.  
This simple observation allows an important physical description of pressure drop, namely that it is directly related 
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to the volumetric kinetic energy, or inertial pressure, of the flow.  For brevity, volumetric kinetic energy will be 
consistently referred to as kinetic energy within the context of this investigation. 
Correlations to determine friction factor values have been determined and depend on whether the flow in 
question is laminar or turbulent.  Laminar flows are defined as those in which Re < 2300 and the friction factor (fD) 
for laminar, fully developed flows is as follows. 
Re
64
=Df  (2.7) 
In turbulent flows, in which Re > 4000, surface roughness, e/D, becomes important in determining friction factor.  
Unlike laminar flows, turbulent flows cannot be solved precisely.  Many correlations have been developed to predict 
the friction factor in the turbulent region and these can be found in Fox and McDonald (1992) and White (1999).  A 
frequently used correlation for turbulent flow in smooth pipes, which will be used in this study, is the Blausius 
formula. 
25.0Re
316.0
=Df  (2.8) 
Another commonly used relation was developed by Churchill (1977) and combines the Darcy friction factor for 
laminar, transition, and turbulent regions in circular pipes. 
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Re
37530
=B  (2.9c) 
Since all fluid flows tested in this experiment lie in the turbulent region, the Churchill expressions proves to be 
unnecessarily complicated and thus the Blausius formula is used for all friction factor calculations. 
2.4 Two-Phase Pressure Drop 
In two phase flow total pressure drop is comprised of three contributing factors denoted by subscripts; a 
frictional dissipation term (f), an acceleration head term (a), and a static term due to gravitational effects (g). 
gaf dz
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In this formula, dP/dz is the gradient of pressure in the direction of flow.  The acceleration head term is determined 
from a momentum exchange and is 
ú
û
ù
ê
ë
é
÷
ø
ö
ç
è
æ
-
-
+=÷ø
ö
çè
æ
)1(
)1(1 222
arar lvcrcra
xx
Adz
d
A
m
dz
dP &
 (2.11) 
where m& is the mass flow rate of the fluid through the pipe, rl and rv are the liquid and vapor density, respectively.  
Acceleration head occurs when the fluid flow is undergoing a quality change such as during evaporation or 
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condensation.  The static term due to gravitational effects where g is the acceleration due to gravity and q is the 
angle of inclination of the tube is described next. 
[ ]lv
g
g
dz
dP
raarq )1(sin -+=÷
ø
ö
ç
è
æ
 (2.12) 
For test sections that are adiabatic and horizontal the acceleration head and gravitational terms can be neglected 
since the change in quality along the length of a short tube and the inclination of the tube are zero. 
In two phase flow the frictional pressure drop is due to the combination of interactions between the fluid 
and the walls of the tube and between the liquid and vapor phases.  While copious correlations to predict two-phase 
frictional pressure drop exist, these formulas have been developed for specific conditions and no general theory 
exists to predict the pressure loss due to friction.  Unfortunately, these empirical correlations predicting two-phase 
pressure drop are limited to the range of conditions at which they were developed and often fail spectacularly 
outside of these regions.  Both Payne et al (2000) and Niño (2002) present excellent examples of correlations 
developed in both large and small tubes failing when applied to microchannels and different refrigerants. 
Martinelli and Nelson (1948) and Lockhart and Martinelli (1949) defined a two-phase multiplier (F) which 
relates the two phase frictional pressure drop in terms of either single phase liquid or vapor pressure drop. 
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In the equations above, the subscripts l indicates liquid, v indicates vapor, lo indicates liquid only, and vo indicates 
vapor only.  In these formulas, l and v imply that the actual fraction of liquid or vapor is the only flow present in the 
channel, while lo and vo imply that the entire flow in the channel is made up of liquid or vapor only.  In the ensuing 
discussion, the liquid only and vapor only correlations will be used exclusively.  Note that the single phase pressure 
gradients are determined as the following 
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where the single phase pressure gradient for liquid only and vapor only flows is determined as in the general case 
shown in Equation 2.5. 
Two ideal models developed for frictional pressure drop in two-phase flow are the homogeneous and 
separated flow models.  Homogeneous models best describe intermittent and dispersed flows while separated 
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models are used to predict stratified and annular flows.  In homogeneous flow, the model assumes that liquid and 
vapor portions of the flow are mixed together and their velocities are equal.  An additional simplification that arises 
from mixed flow is to consider the homogenous two-phase flow as a single phase with average fluid properties 
determined by the quality of the mixture.  The separated flow model considers the liquid and vapor portions of the 
mixture to flow separately.  In this model the liquid and vapor may flow at different velocities, but are assumed to 
have an equal static pressure drop. 
2.4.1 Homogeneous Flow Model 
Two-phase pressure drop is predicted by the homogeneous flow model using the single phase pressure 
gradient and the average properties of the mixture. 
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The two-phase density (r2f) or average density is determined by assuming the two phases are thoroughly mixed. 
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For friction factor calculations using the homogeneous model, McAdams (1954) suggests a Reynolds number that 
uses an average dynamic viscosity (m2f) defined as follows. 
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In experiments using the same aluminum multi-port microchannels used in this investigation and air-water, R134a, 
and R410A as refrigerants, Niño (2002) determined a relation for the pressure gradient of homogeneous flow to be 
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where fD = 0.045, which is the friction factor of the microchannel tubes. 
Collier and Thome (1996) utilized a homogeneous flow model for contraction and expansion devices to 
develop a correlation for pressure drop.  For a sudden contraction pressure drop is 
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where Cc is the coefficient of contraction that is the ratio of the area of the vena contracta at the exit of the 
contraction compared with the area before the contraction and x is the ratio of the cross-sectional area of the 
entrance and the area of the exit.  In their book, Collier and Thome (1996) state that the coefficient of contraction is 
a function of the area ratio (x) and list some numerical values.  Pressure drop for a sudden expansion follows. 
 10 
( )[ ]
fr
xx
2
2
2
12
G
PExpansion --=D  (2.21) 
In general, when undergoing expansion and contraction such as at the entrance and exit of the microchannel in this 
experiment, the expansion and contraction models correlate pressure drop with the average kinetic energy multiplied 
by a constant. 
fr 2
2
/ 2
G
CP EC =D  (2.22) 
Average kinetic energy (KEavg) is described in general by Equation 2.6 where density has been replaced by the 
average density described in Equation 2.16 so that average kinetic energy can be formally described. 
fr 2
2
2
G
KEavg =  (2.23) 
Predicted pressure losses by Collier and Thome (1996) consistently under-predict experimental results in 
microchannels conducted by Niño (2002).  This under-prediction can be explained by realizing that the walls 
between the ports in the microchannel cause additional restriction to the flow.  As a result, new values of the 
constant related to contraction and expansion, or entrance and exit effects, as determined by Niño (2002), for 
microchannels were experimentally obtained and are listed in Table 2.2. 
Table 2.2: Constants used by Niño (2002) for the calculation of entrance and exit pressure losses in 6 and 14-port 
microchannels. 
Microchannel C 
6-port 3.24 
14-port 4.54 
 
2.4.2 Separated Flow Model 
Lockhart and Martinelli (1949) performed experiments that developed the theory behind separated flow 
models.  Their investigations included experimental analysis of circular tubes with diameters ranging from 1.48 mm 
to 25.83 mm, using mixtures of air with benzene, kerosene, water, and various oils.  The separated flow model that 
they proposed is based upon two basic postulates.  The first states that the static pressure drop for both liquid and 
vapor phases are the same regardless of the flow pattern as long as the changes of static pressure in the radial 
direction are not significant.  They infer that slug or plug flows are eliminated from consideration.  A second 
postulate states that the sum of the volumes occupied by vapor and liquid at any instant is equal to the total volume 
of the pipe, which is the mass continuity equation. 
Using these considerations and their experimental results, Lockhart and Martinelli (1949) developed a new 
parameter that is used to correlate their experimental results. 
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The Lockhart-Martinelli parameter (Xtt) is equal to the square root of the ratio of the liquid frictional pressure drop 
to the vapor frictional pressure drop assuming turbulent flow of each phase flowing alone at its superficial velocity.  
Superficial velocities for liquid (vl) and vapor (vv) are defined below. 
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Two-phase multipliers defined in Equations 2.13a-d can be correlated with the parameter, Xtt, as suggested 
by Lockhart and Martinelli (1949).  Investigators have correlated their experimental pressure drop results with Xtt 
using both large and small tubes.  Niño (2002) discusses several of these correlations and found that none of the 
existing correlations accurately predict pressure drop of annular flow in microchannels.  Consequently, Niño (2002) 
proposes a correlation for pressure drop of annular flow. 
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In the above equations, We is the Weber number which relates inertial to surface tension forces, f indicates that the 
two-phase flow multiplier is a function of the bracketed parameters, and s is surface tension.  A summary of 
dimensionless parameters used for pressure drop and void fraction calculations are presented in Table 2.3. 
2.5 Void Fraction 
By determining void fraction and knowing the properties of the refrigerants being used, the mass, or 
charge, of refrigerant in a length of tube, L, can be found as shown below. 
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This formulation is useful, for example, in determining the mass of refrigerant necessary to run a heat exchanger or 
other refrigerant system.  Additionally, if the quality at a particular location is defined as the fraction of the vapor 
flow rate out of the total flow rate, the quality can be determined as a function of void fraction such that 
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 (2.30) 
where vv and vl are the velocities of the vapor and liquid phases, respectively.  Similar to two-phase pressure drop, 
two ideal models, homogeneous and separated, have been developed to predict void fraction.  Again, homogenous 
models are used for intermittent flow while separated models are most suitable for annular flows. 
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Table 2.3: Dimensionless parameters used for pressure drop and void fraction correlations compiled into a table 
for ease of reference. 
Parameter Equation Meaning 
Reynolds Number 
m
GD
=Re  Ratio of inertial to viscous forces 
Quality 
lv
v
total
v
mm
m
m
m
x
+
==  Ratio of vapor mass to total mass 
Void Fraction 
lv
v
cr
v
AA
A
A
A
+
==a  Ratio of area occupied by vapor to total 
area 
Two-Phase, Liquid 
Only Multiplier 
lo
f
lo
dz
dP
dz
dP
÷ø
ö
çè
æ
÷ø
ö
çè
æ
=F 2  
Ratio of two-phase pressure drop to 
pressure drop of liquid flowing alone in 
the tube (a vapor only multiplier also 
exists) 
Lockhart-Martinelli 
Parameter 
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Ratio of the liquid frictional pressure drop 
to the vapor frictional pressure drop 
(assuming each phase turbulent and 
flowing alone at the superficial velocity). 
Weber Number 
rs
DG2
We =  Ratio of inertial to surface tension forces  
 
2.5.1 Homogeneous Model 
The homogenous void fraction model assumes that the vapor and liquid phases move at the same velocity.  
Void fraction can be determined as  
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by combining Equations 2.4 and 2.30, using the fact that liquid and vapor velocities are equal for homogeneous 
flow, and rearranging to solve for void fraction. 
2.5.2 Separated Flow Model 
This model assumes that liquid and vapor phases are flowing in two separate streams that have different 
average velocities.  Thus void fraction can be calculated 
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where S is the slip ratio defined by the average vapor velocity divided by the average liquid velocity.  While 
Equation 2.32 defines void fraction correctly, average flow velocities are very difficult, if not impossible, to measure 
in practice.  Thus, a correlation that relates void fraction to easily measurable values is important. 
Many models exist to predict void fraction of separated flow; however, Niño (2002) determines these 
models unsatisfactory at predicting void fraction in microchannels.  As a result, the following correlation was 
proposed by Niño (2002) to predict annular flows in microchannels. 
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Chapter 3. Experimental Apparatus and Procedure 
3.1 Experimental Facilities 
3.1.1 Test Section 
The test section in these experiments consists of a microchannel and two transition sections that connect the 
flat microchannel to the round 8.9 mm (3/8”) tubes leading up to and out of the test section.  Test sections also serve 
as locations for the measurement of pressure drop and the evacuation of refrigerant to the void fraction tank.  Figure 
3.1 shows a sketch of the test section, including microchannel, transition sections, void fraction tank, and ball valves 
that allow the isolation of the test section. 
 
Figure 3.1: Sketch (not to scale) of the microchannel test section and void fraction tank. 
Two multi-port, aluminum microchannels, shown in Figure 3.2, were used for conducting pressure drop 
and void fraction experiments.  The 6-port microchannel has a hydraulic diameter of 1.54±0.02 mm and a cross-
sectional area of 16.7±0.1 mm2.  The 14-port microchannel has a hydraulic diameter and cross-sectional area of 
1.02±0.01 mm and 15.0±0.01 mm2, respectively.  Dimensions of the microchannels were measured using digital 
image processing.  This method analyses a digital image of the polished cross-section of the microchannels and 
essentially counts pixels to determine the area of each channel. 
a)  
b)  
Figure 3.2: Profiles of a) 6-port and b) 14-port extruded, aluminum microchannels. 
P 
DP 
Void Fraction Tank 
Microchannel 
Transition Sections 
T 
Ball Valve 
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As a major component of the test section, the transition sections connect the circular 8.9 mm (3/8”) tubes of 
the flow facility to the flat microchannel tube as well as allowing pressure measurement and evacuation to the void 
fraction tank.  The pieces of the transition section are machined from aluminum and sealed using O-rings.  While 
Figure 3.3 shows a drawing of the transition pieces, details of the design of the transition sections can be found in 
Payne et al. (2000). 
 
Figure 3.3: Drawing of a transition section. 
The void fraction tank connected to the transition section is simply an empty cylinder in which the 
temperature and pressure can be measured.  Since the volume of this tank is known, the temperature and pressure of 
the tank can be used to determine the mass of a particular refrigerant in the tank provided that the refrigerant is 
completely in the vapor phase.  Details of this procedure will be described in a subsequent section. 
3.1.2 Carbon Dioxide Loop 
An existing refrigeration flow facility, described in detail by Payne et al. (2000), was reconstructed using 
stainless steel tubing to maintain safety when using CO2, which has a high saturation pressure, the pressure when 
both liquid and vapor phases are present at a certain temperature, compared to other refrigerants.  Shown in Figure 
3.4, the loop utilizes a “once-through” process in which vapor and liquid flows separately leave a high pressure, or 
source, tank, are mixed together to form the desired flow conditions and are then dumped into a low pressure, or 
sink, tank. 
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Figure 3.4: Schematic drawing of the experimental facility used for pressure drop and void fraction in 
microchannels using carbon dioxide. 
The flow through the loop is driven by the pressure difference in the two tanks, which is generated by high 
temperature in the source tank and low temperature in the sink tank.  Liquid and vapor flowing separately leave the 
source tank.  Heat is added to the vapor flow with an electric resistance heater while heat is removed from the liquid 
using chilled water to ensure that each line contains a single phase.  Temperature, pressure, and mass flow rate of 
each phase are measured before they are mixed.  Needle valves are used to control the streams of liquid and vapor, 
allowing quality to be varied. 
Once a two-phase mixture has been established, the flow moves into the test section through a transition 
section where the two-phase saturation pressure is measured, flows into the microchannel tube, and finally out 
through a second transition section.  Pressure drop in the microchannel tube is measured through a port in each of 
the transitions sections.  After passing through the test section, the saturation temperature is measured and the flow 
enters the low pressure sink tank.  Another needle valve immediately preceding the sink tank allows the saturation 
temperature of the test section to be controlled.  For experiments with carbon dioxide, the saturation temperature 
was held at 15ºC. 
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This experimental facility allows pressure drop and void fraction measurements in microchannels using 
carbon dioxide as a refrigerant with mass fluxes ranging from 50 kg/s.m2 to 300 kg/s.m2 and qualities varying from 
0 to 1.  A major advantage of using the “once-through” loop is that a pump, pre-heater, and sub-cooler are not 
necessary to run the system.  This eliminates equipment and reduces start-up time and time between data collection.  
Disadvantages to the “once-through” system are that the sink and source tanks need to be switched as the source 
tank empties, and refrigerants in which pressure is a weak function of temperature cannot be used because the 
pressure difference between the source and sink tanks is not great enough to generate significant mass fluxes. 
3.1.3 Ammonia Loop 
Since ammonia in contact with copper will destroy the copper over time, a new loop was constructed as 
described by Vollrath (2003).  In addition to meeting material compatibility requirements, the new ammonia loop 
includes several safety features necessary when working with potentially harmful fluids such as ammonia.  
Experiments conducted in this loop used ammonia as a refrigerant with mass fluxes ranging from 100 kg/s.m2 to 300 
kg/s.m2 and qualities varying from 0 to 1.  All data was taken with a saturation temperature of 35ºC.  Figure 3.5 
shows a schematic of the refrigerant loop. 
 
Figure 3.5: Schematic drawing of the experimental facility used for pressure drop and void fraction in 
microchannels using ammonia. 
A variable speed gear pump circulates the refrigerant throughout the loop, chosen instead of a compressor 
in order to avoid contaminating refrigerants with compressor lubricant.  Upon exiting the pump the mass flow rate of 
the refrigerant is measured with a Coriolis-type mass flow meter.  Next, the refrigerant enters the conditioning or 
pre-heating portion of the facility where a flat plate heat exchanger is used to condition the flow from sub-cooled 
liquid to the desired two-phase quality.  The pre-heater was designed to provide up to 15 kW of heating from steam 
delivered by the building supply system.  Knowing the heat transfer to the refrigerant from the steam, the mass flow 
rate, and the heat capacities of the refrigerant, the quality of the flow exiting the pre-heater is determined. 
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After leaving the conditioning portion of the loop, the fluid enters the test section, which is exactly the 
same as in the carbon dioxide loop.  Upon leaving the test section, the refrigerant enters the sub-cooler, another flat 
plate heat exchanger, which is used to remove heat from the refrigerant and ensure pure liquid flow before entering 
the pump.  A small receiver tank sits at the bottom of the sub-cooler and acts as a fluid reservoir.  After the 
reservoir, liquid enters the pump and proceeds through the system again. 
3.1.4 R245fa Loop 
A third refrigerant loop was used for experiments with R245fa because the pressure gradient in the “once-
through” loop was not sufficient to drive the flow between the source and sink tanks.  Essentially, the design of the 
R245fa loop is the same as that of the ammonia loop with one notable exception.  The pre-heater in this loop is an 
electric resistance heater, whereas in the ammonia loop the pre-heater used steam to increase quality.  Details of this 
loop are discussed more thoroughly by Dobson (1994) and Wilson (2001).  Pressure drop measurements in 
microchannels using R245fa as a refrigerant with mass fluxes ranging from 110 kg/s.m2 to 440 kg/s.m2 and qualities 
varying from 0 to 1 were facilitated by this loop.  The saturation temperature of R245fa was 40ºC for all but one 
experiment in which the temperature was raised to 46ºC. 
3.2 Instrumentation and Measurements 
For detailed explanations of the components in each testing facility, see the sources referenced previously 
for each loop.  In general, each facility is equipped with similar or identical instrumentation and the corresponding 
accuracies will apply.  Mass flow meters are used to measure liquid and vapor flow (only liquid in the R134a and 
R245fa facilities) with an accuracy of ±0.10% and ±0.50%, respectively.  Pressures were measured using 
transducers with an accuracy of ±0.25% of full scale.  A large number of pressure transducers were used in different 
facilities and are listed in Table 3.1.  Pressure transducers were used to measure the absolute pressure of the system 
and the pressure drop across the microchannel.  More precise transducers were used for extrapolation of pressure 
drop across the transition sections. 
Temperature measurements were obtained using type T thermocouples with an accuracy of ±0.25ºC.  
Liquid and vapor densities of a refrigerant are calculated using computer programs in which thermodynamic 
properties are calculated using a function call in terms of temperature and pressure.  The precision of quality is 
found with error propagation analysis.  It was found that the error decreases as quality increases.  Error propagation 
analysis gives the precision for quality to be x = 0.003x-1.193.  Quality error decreases from 4% at a quality of 0.10 to 
1% at a quality of 0.40 and qualities above 0.40 have an error of less than 1%.  Pressure measurements in the void 
fraction tank have an accuracy of 10 kPa, which corresponds to an error of less than 5% for all void fraction 
measurements, and less than 2% error for measurements at all but the highest qualities. 
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Table 3.1: Pressure transducers and their corresponding precisions. 
Transducer Name Full Range [kPa] Precision [kPa] 
Carbon Dioxide Absolute Pressure Transducers 13790 34.5 
CO2 Differential Transducer 55.2 0.138 
CO2 Extrapolation Differential Transducer 1.4 0.0035 
Ammonia Absolute Pressure Transducers 2068 5.17 
NH3 Differential Transducer 103.4 0.258 
NH3 Extrapolation Differential Transducer 34.47 0.0862 
R245fa Absolute Pressure Transducers 2068 5.17 
R245fa Differential Transducer 103.4 0.258 
3.3 Experimental Procedure 
3.3.1 Pressure Drop Experiments 
Pressure drop data was collected for mass fluxes ranging from 50 to 440 kg/s.m2 and qualities from 0 to 1 
as described previously.  Steady-state flow conditions were achieved in the test section, meaning that the mass flow 
rate, quality, and test section saturation temperature were held constant while data measurements were recorded.  A 
minimum of twenty data points were recorded and the values were averaged to obtain flow conditions and the 
pressure drop at those conditions.  To extrapolate the pressure drop caused by the transition sections, two separate 
lengths of microchannel tubing, 1.0668 m (42”) and 0.0762 m (3”) were used while experimental data was collected.  
Pressure drop measurements using the short section were subtracted from pressure drop in the long section to 
determine the pressure drop due a 0.9906 m (39”) microchannel alone at a particular quality. 
3.3.2 Void Fraction Experiments 
After recording the pressure drop measurements, a void fraction measurement was then taken, resulting in a 
void fraction measurement corresponding to every pressure drop measurement.  Corresponding pressure drop and 
void fraction data allows solutions to the continuity and momentum equations to be solved simultaneously as 
discussed in Chapter 1.  Once pressure drop is measured, the valves to the differential pressure transducer are 
quickly closed, followed by the valves on each side of the test section.  It is imperative that the valves be closed very 
quickly so that additional refrigerant cannot enter or exit the test section, skewing the void fraction results.  This 
technique was practiced until simultaneous closing of the valves was achieved.  Once the valves to the test section 
are closed, another valve leading to the evacuated void fraction tank is opened.  Opening this valve causes the 
expansion of the refrigerant into the vacuumed tank, vaporizing all of the liquid phase in the test section.  At this 
point the pressure and temperature in the void fraction tank are measured and the density of the vaporized refrigerant 
is determined using a computer program.  Since the volume of the test section and void fraction tank are known, the 
mass of trapped refrigerant (mtrapped) can be determined. 
Vmtrapped r=  (3.1) 
In this equation, r is the density of the refrigerant in the void fraction tank and V is the volume of the test section 
and the void fraction tank combined.  Similar to the pressure drop measurements, the mass trapped in the transition 
sections is extrapolated by using two microchannel tube lengths, allowing the mass in the microchannel alone to be 
determined.  The test section quality (xts), which is different than the inlet flow rate quality (x), is solved using 
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where Vmicrochannel is the volume of the microchannel alone, mmicrochannel is the mass trapped in the microchannel alone, 
and rl and rv are the liquid and vapor densities of the refrigerant, respectively.  Finally, the void fraction (a) of the 
microchannel is determined by using the following relation. 
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This relation is similar to the homogeneous void fraction, with the difference being that the test section quality (xts) 
will only be equal to the inlet quality (x) when the flow is purely homogeneous.  For separated flow, or even flow 
that is not strictly homogeneous, the test section quality will be less than the inlet quality. 
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Chapter 4. Two-Phase Pressure Drop 
This chapter presents the adiabatic, two-phase pressure drop data for carbon dioxide, ammonia, and R245fa 
obtained in 6-port and 14-port aluminum microchannels possessing hydraulic diameters of 1.54 mm and 1.02 mm, 
respectively. 
4.1 Entrance and Exit Pressure Losses 
Pressure losses in the entrance and exit can be measured by connecting two transition sections with a short, 
0.0762 m (3”), microchannel section.  When the measured drop is plotted against the average kinetic energy of the 
flow, a linear relationship is observed as shown in Figures 4.1 through 4.3.  The slope of the data on these plots is 
equal to the constant (C) from Equation 2.22 to relate the average kinetic energy to the transition section pressure 
losses.  Table 4.1 shows these values for 6 and 14-port ammonia and 14-port carbon dioxide.  Additionally, the 
constants used to determine the entrance and exit pressure losses for R245fa were those determined by Niño (2002).  
Once constants are found, entrance and exit pressure losses can be obtained for all flow conditions by determining 
the average kinetic energy of the flow.  This linear relation is very accurate, except at high mass fluxes and very 
high qualities, where the prediction tends to slightly over-predict the pressure losses due to the transition sections. 
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Figure 4.1: Transition section pressure losses for CO2 in a 14-port microchannel. 
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Figure 4.2: Transition section pressure losses for ammonia in a 6-port microchannel. 
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Figure 4.3: Transition section pressure losses for ammonia in a 14-port microchannel. 
Table 4.1: Constants used in the calculation of entrance and exit pressure losses. 
Microchannel C 
14-port Carbon Dioxide 0.93 
6-port Ammonia 2.81 
14-port Ammonia 3.64 
14-port R245fa 4.54 
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4.2 Experimental Pressure Drop Results 
Two-phase pressure drop was measured using carbon dioxide, ammonia, and R245fa in 14-port 
microchannels and ammonia in 6-port microchannels with mass fluxes ranging from 50 to 440 kg/s.m2 and qualities 
varying from 0 to 1.  Saturation temperatures were 15ºC for carbon dioxide experiments, 35ºC for ammonia 
experiments, and 40º for R245fa experiments.  Pressure drop was measured in a 1.0668 m (42”) microchannel tube, 
the pressure drop due to entrance and exit effects was subtracted, and the resulting pressure drop was divided by the 
0.9906 m (39”) tube length to obtain pressure drop per meter.  Figures 4.4 through 4.7 display the pressure drop per 
meter of each refrigerant in their respective microchannel. 
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Figure 4.4: Pressure drop per meter for carbon dioxide in a 14-port microchannel. 
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Figure 4.5: Pressure drop per meter for ammonia in a 6-port microchannel. 
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Figure 4.6: Pressure drop per meter for ammonia in a 14-port microchannel. 
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Figure 4.7: Pressure drop per meter for R245fa in a 14-port microchannel. 
Examining the two-phase pressure drop results reveals several trends.  Most notably, as mass flux 
increases, pressure drop increases.  As will be shown in a following section, pressure drop is related to the square of 
mass flux. 
Another easily identifiable trend is that pressure drop mostly increases with quality.  Starting with a quality 
of zero, pressure drop can be seen to increase nearly linearly for most of the quality range.  Yet, at high qualities the 
pressure drop begins to be less than a linear relationship would suggest, causing a flattening out or even a downward 
bend of the two-phase pressure drop curve.  This departure from a linear relationship is seen most dramatically at 
 25 
high mass fluxes and with refrigerants that have a low vapor density.  Consequently, the departure from linearity of 
the two-phase pressure drop is much greater for R245fa and ammonia than it is for carbon dioxide.  This departure 
can be explained by realizing that two phase flow containing a low density vapor phase at moderate to high qualities 
will be in the annular flow regime.  That the flows will take on an annular form is at this point an assumption, but 
can be corroborated by flow visualization of similar low vapor density fluids completed by Niño (2002) in multi-
port microchannels.  Wavy annular flow, which is the first pattern of annular flow to appear when increasing quality, 
consists of liquid waves that extend into the vapor core.  Since the vapor in the core flows more quickly than the 
outer liquid layer, the waves act as obstructions to the vapor flow, and the interactions between the two phases cause 
an increase in pressure drop.  As quality increases further, the thickness of the liquid ring around the outside of the 
tube thins and the size of the waves decrease.  As waves become smaller, liquid-vapor interactions decrease and the 
pressure drop eventually departs from the linear relationship that existed at low qualities.  For fluids with low vapor 
densities, the pressure drop can actually decrease in the very high quality range. 
Temperature also plays an important role in two-phase pressure drop.  Figure 4.7 shows experimental 
results of two-phase pressure drop of R245fa with a mass flux of 220 kg/s.m2 at two different saturation 
temperatures.  This experimental data confirms that increasing the saturation temperature decreases the two-phase 
pressure drop.  A physical explanation of this phenomenon is that as saturation temperature increases, vapor density 
also increases.  As higher vapor density corresponds to lower pressure drop, increasing the saturation temperature 
decreases the two-phase pressure drop for that fluid. 
Each of the three refrigerants studied in this investigation were plotted in Figure 4.8 for mass flux of about 
300 kg/s.m2 in the 14-port microchannel.  By plotting the results in this manner it can be seen that vapor density is 
inversely related to the two-phase pressure drop of a refrigerant.  Additionally, liquid density apparently plays little 
to no role in determining the maximum pressure drop because the liquid to vapor density ratio is greater for R245fa 
than for ammonia, yet ammonia causes a greater pressure drop due to its lower vapor density. 
4.3 Analysis of Correlations 
Two correlations, the average kinetic energy relation and the annular flow relation, are used to describe 
two-phase pressure drop in the intermittent and annular regions and will be tested for validity using the refrigerants 
and flow conditions investigated in this study. 
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Figure 4.8: Two-phase pressure drop of the three fluids studied in this investigation with similar values of mass 
flux. 
4.3.1 Average Kinetic Energy Relation 
The average kinetic energy relation was shown by Niño (2002) to provide a correlation for two-phase 
pressure drop in the intermittent flow regime.  Figure 4.9 shows carbon dioxide, ammonia, and R245fa pressure drop 
data plotted against the average kinetic energy and divided by hydraulic diameter to collapse the data.  Figure 4.10 
presents the data from this experiment as well as the data taken by Niño (2002) for several other refrigerants.  As 
can be seen, the average kinetic energy relation collapses the data very well for this diverse range of refrigerants. 
One difficulty arises when using experimental data with the average kinetic energy correlation.  When a 
large pressure drop exists, the conditions at the entrance of the test section become different than the conditions at 
the exit of the test section.  The outlet conditions of the test section were used for all calculations, such as 
determining the average kinetic energy of a flow, since Jassim (2001) found exit conditions to more accurately 
predict pressure drop than inlet conditions.  Some of the variation from linearity seen with high values of average 
kinetic energy may be attributed to using the exit conditions as in actuality the flow in the test section is related to 
both inlet and exit conditions.  However, the amount of variation caused by using the exit conditions is unknown. 
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Figure 4.9: Average kinetic energy relation using carbon dioxide, ammonia, and R245fa as refrigerants in 6 and 
14-port microchannels. 
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Figure 4.10: Average kinetic energy relation for a diverse range of refrigerants in 6 and 14-port microchannels. 
4.3.2 Annular Flow Relation 
As mass flux and quality increase, the flow is less likely to be intermittent and more likely to be annular.  
This actuality requires a formulation that will predict two-phase pressure drop in the annular flow regime.  Figures 
4.11 through 4.13 show the annular correlation developed by Niño (2002), which is a function of the two phase 
multiplier (Fvo), plotted against the experimental two-phase flow multiplier for carbon dioxide, ammonia, and 
R245fa.  It should be noted that the annular two-phase pressure drop correlation attempts only to collapse the data 
 28 
points, not to provide an explicit answer.  When viewing the plots, it is apparent that while carbon dioxide does not 
collapse well with this correlation, ammonia and R245fa collapse reasonably well.  Carbon dioxide data appears 
rather scattered, especially when with experimental Fvo values less than unity.  Low values of Fvo tend to 
correspond to low qualities and mass flux and thus the flow will be less likely to be in the annular regime, 
explaining the inaccuracy of the relation.  In Figure 4.12 it can be seen that the 14-port microchannel data generally 
has higher predicted values of Fvo than the 6-port microchannel.  Although this difference does not appear to be 
devastating to the validity of this correlation, it suggests that the correlation does not completely account for changes 
in hydraulic diameter.  Figure 4.14 presents all three refrigerants studied on a single plot.  Examining all three 
refrigerants together indicates that the annular flow relation correlates a majority of the data well.  When plotted 
with logarithmic axis, as in Figure 4.15, it becomes apparent that nearly all of the data is collapsed nicely; however, 
the 6-port data seems to be systematically shifted from the 14-port data which suggests the correlation does not fully 
collapse the effect of changing hydraulic diameter. 
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Figure 4.11: Annular flow correlation for carbon dioxide in a 14-port microchannel. 
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Figure 4.12: Annular flow correlation for ammonia in both 6 and 14-port microchannels. 
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Figure 4.13: Annular flow correlation for R245fa in a 14-port microchannel. 
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Figure 4.14: Annular flow correlation for all carbon dioxide, ammonia, and R245fa data collected in 
experiments. 
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Figure 4.15: Annular flow correlation for all refrigerants studied on a log-log plot. 
4.4 Conclusions 
Two-phase pressure drop data for two rectangular port microchannel tubes were presented and analyzed.  
Entrance and exit pressure losses were measured and the average kinetic energy of the flow was correlated to these 
losses.  Carbon dioxide, ammonia, and R245fa were examined in two-phase pressure drop experiments and vapor 
density was determined to be inversely related to peak pressure drop.  The average kinetic energy relation was found 
to predict pressure drop results well for all refrigerants, but becomes less accurate as mass flux and quality are 
increased.  Using the formula 
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where fD = 0.035 is the friction factor of the microchannel tubes, a good prediction of two-phase pressure drop in the 
intermittent regime can be achieved.  Finally, the annular flow relation was found to correlate the two-phase flow 
multiplier relatively well, but a discrepancy between 6-port and 14-port results was observed that suggests the 
correlation does not completely collapse effects of hydraulic diameter. 
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Chapter 5. Void Fraction 
This chapter presents the adiabatic void fraction data for carbon dioxide and ammonia obtained in 6-port 
and 14-port aluminum microchannels possessing hydraulic diameters of 1.54 mm and 1.02 mm, respectively. 
5.1 Entrance and Exit Holdup Effects 
Similar to pressure losses, the mass of refrigerant held-up, or contained, by the entrance and exit sections 
can be measured by connecting the two transition sections with a short, 0.0762 m (3”), microchannel section.  
Unlike pressure drop, the mass trapped in the transition sections does not correlate linearly.  For each microchannel 
configuration, refrigerant, and mass flux combination, a correlation of mass trapped must be developed for the 
complete range of quality from 0 to 1.  As shown as an example in Figure 5.1, mass trapped can be plotted as a third 
order polynomial function of quality.  The correlation in Figure 5.1 specifically applies to ammonia in a 6-port 
microchannel with a mass flux of 100 kg/s.m2, but is representative of all mass trapped correlations.  In addition to 
the experimentally determined points, two theoretical points were also plotted at qualities of 0 and 1 using liquid and 
vapor density values and Equation 3.1.  These points fit naturally into the correlation curve and help to define low 
and high quality regions in which experimental data is more difficult to obtain with the facilities in this study. 
Obtaining a correlation for the holdup in the transition sections is critical because a relatively small number 
of data points can be used to generate the correlation compared to the amount of data necessary to subtract the mass 
holdup at the quality of each data point collected.  Establishing an accurate correlation for entrance and exit hold up 
is of paramount importance because as much as 80% of the mass trapped is held up in the transition sections at some 
conditions using ammonia.  With ammonia as a refrigerant, 64% of the mass is held up in the transition on average, 
while only 40% of the mass is held up in the transition sections for experiments using carbon dioxide.  Quality and 
mass flux do not have a definite observed impact on mass holdup.  However, intermittent flows using carbon 
dioxide causes less mass to be located in the transition sections than annular flows using ammonia.  This is likely 
because the quickly flowing vapor core of annular flow moves rapidly through the transition section while the liquid 
phase fills the sides of the transition sections.  In intermittent flows, the vapor and liquid phases are mixed, leading 
to less liquid, and thus less mass, in the transition sections.  While it appears that flow regime is the contributing 
factor to transition section holdup, this effect has not been studied enough for any definite conclusions to be 
established. 
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Figure 5.1: Mass trapped as a function of quality for ammonia in a 6-port microchannel with mass flux, G = 100 
kg/s.m2. 
5.2 Experimental Void Fraction Results, Analysis, and Correlations 
Void fraction measurements using carbon dioxide and ammonia in 14-port microchannels and ammonia in 
6-port microchannels with mass fluxes ranging from 50 to 300 kg/s.m2 and qualities ranging from 0 to1 were 
recorded in this study.  Saturation temperatures were held at 15ºC for carbon dioxide, 35ºC for ammonia, and 40ºC 
for R245fa.  Void fraction data was obtained in a 1.0668 m (42”) microchannel tube, the mass trapped due to 
entrance and exit effects was subtracted, and the resulting void fraction was calculated for a 0.9906 m (39”) 
microchannel tube. 
5.2.1 Carbon Dioxide Void Fraction 
Displayed in Figure 5.2, the carbon dioxide void fraction data follows some definite trends.  Most 
noticeably, void fraction increases with increasing quality.  As mass flux increases, void fraction can be seen to 
increase, with the exception of the data at 300 kg/s.m2.  Additionally, carbon dioxide data closely follows the line 
depicting homogeneous flow.  Figure 5.3 shows that a vast majority of the data falls within ±15% of the 
homogeneous model prediction.  For low qualities, the homogeneous model under-predicts the void fraction; 
however, for high qualities, the homogeneous model over-predicts the experimental void fraction data. 
This trend is more easily understood by examining the slip ratio, which is the ratio of the vapor velocity to 
the liquid velocity.  For homogeneous flows, the slip ratio is equal to one by definition because the liquid and vapor 
phases are perfectly mixed.  Separated flows have slip ratios greater than one because the vapor and liquid phases 
are separate and the vapor may possess a greater velocity than the liquid.  Figure 5.4 presents the slip ratio of carbon 
dioxide in a 14-port microchannel.  Slip ratio is seen to increase with quality, which is an expected result, signifying 
that the vapor phase is accelerating with increasing quality and the flow regime is changing from intermittent to 
annular.  Additionally, the slope of the slip ratio is nearly constant until a quality of 0.7 where is becomes steeper.  
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While the slip ratio is greater than one for qualities greater than 0.4, the slip ratio remains, until a quality of 0.7 is 
reached, below a value of two.  This indicates that the flow is most likely intermittent until this quality where it may 
become annular, but possibly still consists of intermittent flow with bubbles or slugs moving more quickly than the 
thinning outer liquid ring. 
An unexpected result uncovered by the examining void fraction is that the slip ratio has a value less than 
one at low qualities, which should be physically impossible.  A potential answer to this conundrum is that the 
microchannels in this study have multiple ports and the flow may not be the same in each of these.  In his research, 
Niño (2002) used flow visualization to determine flow regime and found that for low qualities and mass flux, the 
flow regime may be entirely different in separate ports.  In general, the outer ports of the microchannel appear to 
contain a greater amount of vapor than the center ports, meaning that they contain fluid of a higher quality and thus 
a greater pressure drop if all channels flow at the same speed.  However, pressure drop across the length of the 
microchannel must be the same for all ports since the flows are connected at each end, leading to the conclusion that 
the ports containing a lower quality mixture must have faster flow to equalize the pressure drop.  In this scenario, the 
bulk of the liquid phase will actually travel faster than the vapor phase, allowing a slip ratio less than unity to exist 
in multi-port microchannels.  As quality and mass flux increase, the distribution of flow in each of the microchannel 
ports equilibrates. 
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Figure 5.2: Void fraction of carbon dioxide in a 14-port microchannel. 
5.2.2 Ammonia Void Fraction 
Ammonia void fraction data is presented for 6-port and 14-port microchannels in Figures 5.5 and 5.6, 
respectively.  Again, void fraction increases with quality and with mass flux, although the mass flux dependency in 
the 6-port microchannel is not as distinctive as the dependency in the 14-port microchannel.  The separated flow 
void fraction model devised by Niño (2002) is plotted against the experimental void fraction in Figures 5.7 and 5.8 
for 6 and 14-port microchannels with ammonia.  This void fraction  
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Figure 5.3: 14-port carbon dioxide experimental void fraction data compared with the homogeneous flow model. 
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Figure 5.4: Slip ratio of carbon dioxide in a 14-port microchannel. 
model shows very good agreement with experimental data; nearly all of the data falls within 10% of the predicted 
values.  Despite the excellent agreement with ammonia void fraction data, the correlation fails when used with 
carbon dioxide, as shown in Figure 5.2.  For carbon dioxide, the separated flow model predicts a higher void fraction 
than the homogeneous model, which indicates a violation of mass continuity and the failure of the model for these 
certain flow conditions. 
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Figures 5.9 and 5.10 present the slip ratio of ammonia in 6 and 14-port microchannels, respectively.  Slip 
ratios in the 6-port microchannel start near one at the lowest qualities, increase to around three at a quality of 0.3, 
and tend to remain between three and eight until quality reaches approximately 0.8.  At high qualities, slip ratios 
increase towards infinity as the annular liquid film around the tube thins.  The data with highest quality is not shown 
in Figure 5.9 and 5.10 because the extremely high slip ratios, over 100, stretch the graph so that important trends 
cannot be observed.  Slip ratio values increase towards infinity for annular flows because the no-slip condition at the 
wall keeps the thin liquid phase nearly stationary while the vapor flows more freely through the core of the tube.  
Ammonia in the 14-port microchannel produces a slip ratio that tends to increase nearly linearly with quality until 
high qualities are reached.  Additionally, slip ratios between five and fifteen are most common in the 14-port tube, 
nearly twice as high as its 6-port counterpart.  Again, high slip ratios tend to indicate that the flow is annular. 
Theoretical slip ratio lines shown in Figures 5.9 and 5.10 are created using void fraction values generated 
by the separated flow model developed by Niño (2002).  For the 6-port microchannel there is reasonable agreement 
between theoretical and actual values until a quality of 0.5 is reached.  Higher qualities show an over-prediction of 
slip ratio by the separated flow model.  Agreement between the model and experimental data in the 14-port 
microchannel is also acceptable for low qualities, but the model tends to over-predict the slip ratio at higher qualities 
and generally over-predicts all values for the highest mass flux. 
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Quality [-]
V
o
id
 F
ra
ct
io
n
 [
-]
G = 100
G = 200
G = 300
Homogeneous
Nino G = 100
Nino G = 200
Nino G = 300
 
Figure 5.5: Void fraction of ammonia in a 6-port microchannel. 
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Figure 5.6: Void fraction of ammonia in a 14-port microchannel. 
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Figure 5.7: 6-port ammonia experimental void fraction data compared with the separated flow model proposed 
by Niño. 
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Figure 5.8: 14-port ammonia experimental void fraction data compared with the separated flow model proposed 
by Niño. 
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Figure 5.9: Slip ratio of ammonia in a 6-port microchannel. 
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Figure 5.10: Slip ratio of ammonia in a 14-port microchannel. 
5.3 Conclusions 
Void fraction data was presented and analyzed for two rectangular port microchannel tubes.  Entrance and 
exit holdup effects were examined and third order polynomials were formulated to relate quality to the mass of 
refrigerant trapped in the transition sections.  Two correlations, the homogeneous and the separated flow models, 
were used to describe void fraction in the intermittent and annular regions and were tested for validity using carbon 
dioxide and ammonia in this investigation.  Carbon  
dioxide, with a high vapor density, correlates within 15% of the homogeneous flow model.  Additionally, carbon 
dioxide may flow homogeneously since the surface tension is very small because data was collected with a 
saturation temperature of 15ºC, near the critical temperature of 32.2ºC.  Since ammonia has a low vapor density, the 
void fraction is predicted within 10% of the separated flow model proposed by Niño (2002).  For carbon dioxide in a 
14-port microchannel, the slip ratio increases linearly for most of the quality range and remains below two, 
indicating intermittent flow.  At the highest qualities the flow may become annular, but cannot be confirmed without 
flow visualization.  Slip ratios of ammonia were calculated and tended to fall between three and eight for the 6-port 
microchannel and between five and fifteen for the 14-port microchannel.  Since these slip ratios are much greater 
than one, they imply that the ammonia flow conditions studied are in the annular regime. 
Despite the close correlation with ammonia experimental void fraction results, the separated flow is proven 
to be flawed because the correlation predicts a higher void fraction than the homogeneous model for carbon dioxide, 
which is physically impossible.  While this model may be useful for refrigerants with low vapor densities, it clearly 
is not a universally viable model.  Based upon the knowledge gained through these experiments, a model that 
predicts slip ratio would be useful because the parameter allows the direct determination of void fraction and gives 
insight into the flow regime. 
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Chapter 6. Concluding Remarks 
6.1 Overview 
The general purpose of this study is to contribute to the development of more efficient heat exchangers by 
increasing the basic understanding of pressure drop and void fraction.  These concepts were investigated in 
aluminum, multi-port microchannels with hydraulic diameters of 1.54 mm and 1.02 mm.  Flow conditions included 
mass fluxes ranging from 50 to 440 kg/s.m2 and qualities varying from 0 to 1 for carbon dioxide, ammonia, and 
R245fa as fluids.  Saturation temperatures used in the experiments were 15ºC for carbon dioxide, 35ºC for ammonia, 
and 40ºC for R245fa.  These refrigerants were chosen to include a range of liquid and vapor densities that 
encompass nearly any fluid used in refrigeration systems. 
Two-phase pressure drop experiments confirm a dependence on hydraulic diameter, mass flux, quality, and 
vapor phase density.  The average kinetic energy relation proves to predict two-phase pressure drop well in the 
intermittent range.  This finding is significant because it indicates that inertial forces are the greatest contributor to 
pressure drop.  Consequently, fluids with a lower vapor density will generate a greater two-phase pressure drop.  For 
high quality, annular conditions, the annular flow relation collapses pressure drop data well, but does not appear to 
completely collapse data with different hydraulic diameters. 
Like two-phase pressure drop, void fraction also shows a dependence on hydraulic diameter, mass flux, 
quality, and vapor phase density.  The homogeneous flow model proves to correlate high vapor density refrigerants, 
such as carbon dioxide, very well although this correlation may also be attributed to the low surface tension of 
carbon dioxide.  The separated flow model created by Niño (2002) predicts void fraction in low vapor density 
refrigerants well, but fails to be universally valid because it cannot predict high vapor density refrigerants.  It is 
suggested that to create a universal void fraction model, the slip ratio should be modeled since it directly relates to 
void fraction and gives a clearer picture of the flow regime. 
6.2 Future Research 
A posterior study will examine the effects of viscosity on pressure drop and void fraction in microchannels.  
This investigation is necessary because refrigerant-oil mixtures do not follow the systematic viscosity and density 
trends that are typical of pure fluids, as shown in Figure 6.1.  Examining refrigerants including R410A, R134a, 
carbon dioxide, and air with various lubricants with the same flow conditions used in this experiment will increase 
the understanding of liquid phase viscosity on pressure drop and flow characteristics. 
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Figure 6.1: Two-phase viscosity ratio compared with two-phase density ratio. 
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